We present high-and medium-resolution phase-resolved far-red spectra of the magnetic cataclysmic variable QQ Vul. The spectra show the Na i doublet absorption features near l 8190 A Ê from the cool secondary star, and the lines of He ii,Oi,M gii,Ci,Ni,C aii and Paschen in emission. Using a Doppler imaging technique, we find that the H i,Heii,Ci and O i lines have a narrow component originating near the L 1 point and a strong component from the stream, while the Mg ii and Ca ii emission arises solely from the illuminated hemisphere of the red dwarf. We carry out an exhaustive analysis of the emission-and absorption-line velocities and fluxes seen in the QQ Vul spectrum. By simultaneously fitting the radial velocity and flux information we are able to produce surface maps of each line on the secondary star using a technique analogous to the one employed by Davey. The Na i and Mg ii maps show an asymmetric distribution akin to that seen in AM Her. Although the observed velocity semi-amplitudes (K 2 ) of the lines can potentially be corrected for the effects of irradiation, we find that time-dependent changes in the degree of heating on the secondary can lead to large discrepancies in the results, significant enough to give inconsistent values from data taken at different epochs. We discuss the limitations of the surface mapping method as a means of correcting the observed K 2 . Our results also suggest that the emission features from the red dwarf are likely to be formed at quite high levels of the stellar chromosphere, in some cases probably even beyond the L 1 point and inside the Roche lobe of the white dwarf, with the different lines possibly forming at different depths. Using the Na i absorption doublet, we find a velocity semi-amplitude for the secondary star of K 2 219^6kms 21 and a projected rotational velocity of v rot sin i 110^15 km s 21 . Thus we estimate the mass ratio to be q 0:54^0:14. Based on the results of the bestfitting surface maps on all the lines, and the nature of the phase-dependent variations of the continuum and lines, we infer a binary inclination of i 658^78, and obtain a complete set of binary parameters for QQ Vul. We classify the secondary star as M4V from the TiO band ratios.
INTRODUCTION
Polars or AM Her stars (in reference to the prototype) are semidetached binaries comprised of a highly magnetic (10± 230 MG) white dwarf accretor (the primary) and a cool low-mass Roche-filling donor star (the secondary). They are a subclass of magnetic cataclysmic variables (MCVs), wherein the white dwarf is thought to be locked in synchronous rotation with the binary. Mass transfer takes place via an accretion column which is formed when the gas stream couples with the field of the white dwarf.
QQ Vul was discovered with the HEAO-1 low-energy detectors in the 0.15±0.5 keV band and catalogued by Nugent (1983) . Spectroscopic, photometric and polarimetric observations by Nousek et al. (1984) , immediately following its detection, classified this object as an AM Her type cataclysmic variable, with an orbital period of 222.5 min. The study by Nousek et al. and subsequent observations in the optical and X-ray by Mukai et al. (1986) , and Obsorne et al. (1986 Obsorne et al. ( , 1987 proved QQ Vul to be quite an unusual star, with many inexplicable brightenings and dips in its light curve which were not easy to reconcile with the current model. More recently, X-ray observations by Beardmore et al. (1995) have revealed timedependent variations in the light curves (both in shape and intensity), which they suggest are caused by the presence of twopole accretion on to the white dwarf. However, despite the attention that QQ Vul has had in the past, to date its parameters are not accurately known. The true phasing of the binary was not even known until recently (Schwope 1991; Catala Ân et al. 1995; Schwope et al. 1999, hereafter Paper II) .
With the advent of better instruments and the increase in observations of AM Her-type objects, it was becoming obvious that the emission features in these stars have a multicomponent nature. QQ Vul is no exception (Mukai et al. 1986 ; Paper II). Furthermore, there was increasing spectroscopic evidence that a narrow low-velocity component in the emission lines followed the movement of the red dwarf (McCarthy, Bowyer & Clarke 1986; Mukai et al. 1986; . Mukai & Charles found that the Na i absorption doublet near 8190 A Ê was present in QQ Vul's far-red spectrum. Using these lines they derived a value for the radial velocity semi-amplitude and some preliminary estimates of the system parameters. Knowing that features from the secondary star are clearly visible in QQ Vul, we obtained medium-and high-resolution far-red spectra to carry out a detailed analysis of the donor star. We aimed to determine accurately the binary parameters using the v rot sin i technique (Drew, Jones & Wood 1993; Welsh, Horne & Gomer 1995) , and to study how heating of the secondary star by the accretion shock regions near the white dwarf would affect these measurements. We also aimed to map the intensity distribution of Na i lines on the surface of the secondary, and to ascertain whether the asymmetric distribution found by Southwell et al. (1995) and for AM Her is also present in other magnetic CVs.
The analysis of QQ Vul's spectrum turned out to be quite rewarding, complete with its share of puzzling results. As suspected, nearly all the emission features present in the optical and far-red spectrum exhibit a component arising at or near the irradiated hemisphere of the red dwarf. Some lines, such as the Mg ii lines at 4481 A Ê , were found to form solely on the red dwarf (Catala Ân et al. 1996; Schwope et al. 1998) . QQ Vul was hence the first CV to exhibit unequivocally both the emission from the heated face of the secondary and absorption from its cooler hemisphere. This has allowed us to test the current techniques and results on parameter determination. Furthermore, it has made it possible to study the real distribution of the emission not only based on the Na i originating from the unirradiated hemisphere of the secondary but by actually mapping the emission regions on the secondary directly.
OBSERVATIONS AND REDUCTION
The observations presented here were taken between 1991 and 1993, and consist of high-and low-resolution spectroscopy taken on the 4.2-m William Herschel Telescope (WHT) at the Roque de los Muchachos Observatory on the island of La Palma, and medium-resolution spectroscopy taken on the 3.5-m telescope at the Centro Astrono Âmico Hispano Alema Ân in Calar Alto.
A total of 36 medium-resolution far-red and 38 blue spectra were collected simultaneously at Calar Alto between 1991 July 8 and 10, using the Cassegrain double-beam spectrograph TWIN.
The red spectra were taken using a GEC CCD chip and a grating that yielded 52 A Ê mm 21 on the chip. Centred at about 8200 A Ê , this covered the wavelength range ll7550±8800 A Ê with a resolution of about 2 A Ê . For the blue spectra the RCA2 CCD chip was used. The wavelength coverage of the blue spectra is ll4200±5000 A Ê , and the resolution is approximately 1 A Ê D 21 36 Amm 21 . The exposure times on both the blue and red spectra were typically between 660 and 720 s. Comparison arc line spectra were taken at frequent intervals, and the spectrum of a nearby spectrophotometric standard was taken on each night to correct for instrumental wavelength response.
On the nights of 1993 August 23±25 a total of 59 QQ Vul farred high-resolution spectra were collected with the ISIS double spectrograph operating at the Cassegrain focus on the WHT. We obtained simultaneous far-red and blue spectra on the EEV3 CCD chip and TEK1 CCD chip, respectively. In the blue arm, and centred at about l 4600 A Ê , the 600 line mm 21 grating was used, giving a resolution of , 1:5 A and yielding a wavelength range of ll4223±5016 A Ê . For the far-red spectra, the 1200 line mm 21 grating was employed. With the EEV3 chip centred at 8100 A Ê , this resulted in a resolution of 0.73 A Ê and a wavelength range of ll7940±8388 A Ê . The exposures were 300 s on both the blue and red data. On average, anarc spectrum was taken every 45±60 min to wavelength-calibrate the spectra and to correct for instrumental flexure and stability. Spectra of nearby spectrophotometric standards were taken in order to remove the telluric absorption features and correct for instrumental wavelength response. M-dwarf standard star spectra were also collected to enable the determination of the rotational velocity of the secondary star. Finally, a nearby field star was also located on the slit to correct for slit losses. Wide-slit spectra were taken for QQ Vul, the comparison star and spectrophotometric standard on every night under photometric conditions.
Two additional low-resolution spectra of QQ Vul and some Mdwarf standards were acquired on 1993 August 24 at the WHT, using the 158 line mm 21 grating in the red, to enable spectral typing of the secondary. The resulting spectra have a wavelength range of ll5815±9149 A Ê . To wavelength-calibrate the object and M-dwarf star spectra, copper-argon/copper-neon arcs were taken immediately after every object. A spectrum of the spectrophotometric standard BD12583941 (Stone 1977) was also taken to remove the atmospheric absorption features and correct for instrumental wavelength response. Unfortunately, our only spectrum of the standard was partially saturated and, because of bad weather conditions, we were unable to take any more. Although it was possible to correct for the instrumental response, its accuracy is reduced. Thus the errors in the spectral typing determination have been increased to reflect the uncertainties introduced by our fluxing problem.
To improve the signal-to-noise ratio (S/N), on-chip binning in the spatial direction was used on readout. A binning factor of 2 was used on all the spectra. To reduce the dead-time between exposures due to readout of the large chips, a narrow window on the chip during all observations was used. Full phase-coverage of QQ Vul was attained in both observing runs.
The reduction procedure followed was the same for both the 1991 and 1993 blue and red data sets. The only difference lies in the packages used. In the case of the WHT data, after bias subtraction and dividing by the flat-field to correct for mediumscale sensitivity variations of the detector, optimal extraction (Horne 1986), as implemented by the figaro software package, was used to reduce the 2D images to 1D spectra (see Dhillon
at University of Sussex on June 10, 2014 http://mnras.oxfordjournals.org/ Downloaded from 1990; Shortridge 1991 for more detail). The arc spectra were extracted from the same region on the detector as the target star. These were used to obtain the wavelength scale for each object spectrum by interpolating from the wavelength scales of the two nearest arc spectra. Telluric absorption lines were removed by division by a flux standard star. Finally, to correct for the variations of instrumental response with wavelength and largescale sensitivity variations, a calibration spectrum was created using the figaro tables of standards and procedures. The target spectra were then multiplied by this calibration spectrum, creating flux-corrected spectra. The spectra from Calar Alto were extracted and calibrated using the ESO package midas. Spectrophotometry was possible for the WHT high-resolution spectra as a nearby field star was located in the slit. Although simultaneous comparison star spectra were not obtained for the Calar Alto data, photometric accuracy is estimated to be better than 30 per cent. In this paper we shall discuss the far-red spectra, leaving the blue spectra to be discussed in Paper II.
In order to have a more comprehensive set of spectral type standards, we have included those used in Smith et al. (1997) . We used the new ephemeris of QQ Vul given in Paper II T 0 HJD244 8446:471 0548E Â 0:154 520 1111 1 to find the orbital phase at mid-exposure of each spectrum. The numbers in parentheses indicate the errors in the last digits.
THE FAR-RED SPECTRUM OF QQ VUL
The co-added red spectrum of QQ Vul is given in Fig. 1 . Using all the spectra, a simple average was carried out in both the mediumand high-resolution ( Fig. 1 inset) spectra. This option led to a less defined Na i doublet, but was preferred for line identification purposes because it retained all the features originating from other areas of the binary, including features that might have been averaged out if the spectra had been corrected for the orbital motion of the red dwarf.
In addition to the Na i absorption lines at l8183 and l8194 A Ê , the medium-resolution spectra show a wealth of emission features. Marked in Fig. 1 are the emission lines of O i triplet centred at l 7774 A Ê ,H e i at l7816 and l8361 A Ê ,M g ii at l7877 and l 7896 A Ê , the Ca ii triplet at l8498, l 8542 and l8662 A Ê , and the Paschen series. We also have a marginal detection of the O i doublet located at l 8446 A Ê . All these lines show phase-dependent variations that clearly link them to the binary. The high-resolution spectrum plotted in the inset (Fig. 1) shows the presence of emission lines of He ii l 8236 A Ê and C i l8335 A Ê , and a number of weaker lines which include Mg ii l8217 A Ê ,N i l8223 A Ê ,C a ii l 8250 A Ê , and H i 8323l A Ê from the Paschen series. Since Mg ii is present in the spectrum of QQ Vul, the He ii emission line near l 8236 A Ê is possibly a blend of the He ii and Mg ii at l8238 A Ê .
As with the majority of MCVs, most of the emission lines in QQ Vul arise from part of the accretion flow and the heated face of the secondary star. The prominent blue lines in QQ Vul show at least three clear components, one of which is known to originate from the illuminated hemisphere of the secondary star (Catala Ân et al. 1996; Paper II) . In the far-red the component from the secondary is even more dominant, and we found that practically all the visible lines to the red of about 7800 A Ê follow its movement. Fig. 2 shows trailed spectrograms of the wavelength regions ll7860±7910, ll8150±8380 and ll8400±8800 A Ê covering a complete orbit of QQ Vul, which clearly illustrate this point. The Na i absorption doublet at l8183 and l8194 A Ê (central panel), which in QQ Vul is known to originate from the non-illuminated side of the secondary (Catala Ân et al. 1996; Schwope et al. 1998) , is included in the figure for comparison. So far, QQ Vul and AM Her are the only MCVs whose Na i surface distribution is confirmed to be significantly affected by heating.
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CLASSIFICATION OF THE SECONDARY STAR
The secondary star in QQ Vul was classified using the same quantitative technique as in Wade & Horne (1988) . The method requires low-resolution spectra of the object and a number of Mdwarf spectral type standards in the red region of the spectrum, and uses the TiO band flux ratios to obtain the low-mass star spectral type. Since the spectral range and the dispersion of the low-resolution spectra presented here is the same as in Wade & Horne (1988) , in order to obtain a better distribution of spectral type standard star TiO measurements, we have opted to use some of their results. A straight line was fitted to the continua of our two object spectra and the spectral type standards in the wavelength regions ll7449±7551, ll8129±8171 and ll8231±8270 A Ê . Using the continuum fits, the flux density deficits of the TiO bands were determined exactly as in Wade & Horne (1988) . We refer the reader to their paper for details of the method.
In Fig. 3 we plot the fractional strength of the TiO flux density d n (l7665) relative to the continuum flux at l7500 A Ê against the TiO d n (l7165)/d n (l7665) ratio. The open circles correspond to the derived flux ratios from the data set presented in this work and from the M dwarfs in Smith et al. (1997) , and the filled circles are those taken from Wade & Horne (1988) . The resulting flux ratios from the average of the two low-resolution QQ Vul spectra are shown with the corresponding error bars. The errors in the measurements have been extended to account for the possible uncertainties in the flux calibration. Our results show that the secondary star in QQ Vul is an M4V star to better than a spectral type. Fig. 3 also indicates that the red dwarf contributes about 15 per cent of the light at l 7500 A Ê at phase f 0.1 when the spectra were taken.
LINE RADIAL VELOCITIES
The method used to derive the velocity variations of each line with orbital phase depended on whether the line is an absorption or an emission feature. Thus we outline the methods separately.
All the radial velocity variations were fitted with a circular orbit q 1999 RAS, MNRAS 310, 123±145 Figure 3 . TiO l 7165/continuum shown against the TiO ratio l7165/ l 7665. The spectral type standards from our data set are shown as open circles, and those from Wade & Horne (1988) as filled ones. The average of the TiO ratios of the two QQ Vul spectra is shown with error bars. The spectra were taken at f 0:1; thus contamination from the heated face of the secondary to the total light is negligible. It is clear that the spectral type of the secondary star in QQ Vul is later than M3V and earlier than M5V. 
where f is the orbital phase of the observation, g is the systemic velocity, K is the semi-amplitude of the observed radial velocity curve, and f 0 is the`cross-over' phase.
Where the same line was present on both the 1991 and 1993 data sets, separate radial velocity measurements were carried out. The results of the fits are given in Table 1 . For the four lines common to both data sets we found that there is a difference in the radial velocity semi-amplitude that ranges between 30 and 50 km s
21
, the velocities being consistently higher in the 1991 spectra. It is likely that the differences are the direct consequence of a change in the degree of heating on the secondary in the two epochs. A larger extent of the irradiated region would result in an increased velocity semi-amplitude of the lines as they get pushed further towards the back of the star. The Doppler maps in the next section do suggest that this scenario is quite likely.
The emission lines
Although some lines such as He ii at 8236 A Ê or the Paschen series showed a component associated with the stream, the most prominent component in the emission lines was generally the one originating from the illuminated face of the secondary star, as shown in Fig. 2 . Thus a single-Gaussian model with the appropriate full width at half maximum was usually good enough for obtaining the radial velocities in the binary phase range f 0:15 2 0:85 in the stronger lines. The exception was at the binary phases where the stream and secondary star emission components crossed over, i.e., at phases f 0:1 2 0:25 and 0:6 2 0:7. At these phases a multi-Gaussian fit to the line was employed. For some of the weaker emission lines the spectra were binned in phase in order to improve the S/N of the line.
The Mg ii emission line doublet at l4481 A Ê has also been included in our analysis, because it has previously been found by Catala Ân et al. (1995) to originate from the red dwarf. This doublet lies very close to the He i emission at l4471 A Ê , and is contaminated by it at phases f 0:0 2 0:2 and 0:6 2 1:0. Hence all the points within these phase ranges have not been used in the radial velocity fits.
We have also attempted to obtain the radial velocities of a number of other lines present in this wavelength region, such as O i at 7774 A Ê and He i at 7816 and 8361 A Ê , but our results were inconclusive and thus have not been included in Table 1 . In the case of the O i line, the secondary star is the primary source of the line only between phases f 0:45 and 0.65, which is not enough phase coverage for a reliable fit. The stream component was by far the more dominant one at most phases, unlike the other lines. Nevertheless, we have included its Doppler map in Section 6. For the two faint He i lines we measured very small velocities. They yield a maximum radial velocity semi-amplitude of 30 km s
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, and appear to follow the movement of the secondary. We also detect phase-dependent variations in the line flux consistent with an origin near the L 1 point. However, the resolution of our spectra is not high enough to give reliable results.
Na i absorption lines
The radial velocities of the secondary star using the Na i doublet near 8190 A Ê were obtained by cross-correlation with a template. As with the emission, the two data sets were analysed separately, for various reasons. First, no M-dwarf spectra were observed during the 1991 run, and we did not have M-dwarf spectra in our library that could match the resolution of the 1991 data. Most importantly, however, the two data sets were found to yield significantly different values of the radial velocity semi-amplitude.
In the case of the 1993 high-resolution spectra, where M-dwarf spectral type standard spectra were taken with the same instrumental set-up as the data, the template chosen is the spectrum of an M-dwarf of the nearest spectral type to the secondary in QQ Vul. This corresponds to the Gliese star GL105B, which is classified as an M4.5V star (Gliese 1969) and has a radial velocity of 24.7 km s 21 (Stauffer & Hartmann 1986 ). We initially considered binning all the data from all three q 1999 RAS, MNRAS 310, 123±145 Table 1 . Results of the radial velocity line fits for all the data sets. The column headed`Type' indicates whether the line was in emission (E) or absorption (A). The year corresponds to the year of the observation. The data from Calar Alto were taken in 1991, and the data from the William Herschel Telescope at La Palma were collected in 1993. The root-mean-square (rms) deviation in column 6 refers to the scatter of the points in relation to the fit. nights in phase to increase the S/N of the lines. However, since we did not have a large enough number of spectra, we found that this had the ill effect of degrading the spectra which clearly showed the Na i lines. In the end we found it better to cross-correlate each spectrum individually and reject those points which gave velocities higher than^700 km s 21 . A Gaussian was fitted to the cross-correlation function of each spectrum, and the error in the position of the peak corresponds to the error in the derived velocity. Approximately between phase f 0:4 and 0.6 the Na i doublet is practically depleted, explaining the absence of points in this phase region. Because no M-dwarf spectra with a similar resolution were available to use with the 1991 data, the template was constructed using two inverted Gaussians with a constant separation and appropriately scaled so as to mimic the Na i lines. The results were quite satisfactory. As with the 1993 spectra, the Na i lines were not detectable between f 0:4 and 0.6. The parameters resulting from the circular fit given by equation (2) are summarized in Table 1 . The errors quoted for K, g and f 0 are the formal errors. A more reliable indication of the goodness of the fit is the root-mean-square deviation of all the points to the fit, which we also list. The best circular fits for both data sets are shown in Fig. 4 as a solid line. It is interesting to note that the radial velocities during maximum blueshift of the secondary found by deviate from the circular fit in almost exactly the same way as the data presented in this paper.
It has long been known that a change in the light distribution on the secondary leads to a deformation of the spectral lines. Therefore the radial velocities determined from them will appear slightly shifted, as the centre of light may not coincide with the centre of mass of the star at a given phase (Martin, Jones & Smith 1987; Wade & Horne 1988; Friend et al. 1990a,b) . This results in a fictitious ellipticity in the absorption-line velocities, and it is possible to correct for this if the extent of the illuminated surface of the secondary is known (Davey & Smith 1992) . Thus, in addition to the circular fits, we carried out elliptical fits to the observed radial velocity curve with an equation of the form
where S 1 , S 2 , C 1 and C 2 are fitting parameters. To derive the eccentricity and semi-amplitude of the curve, we used the more general technique described in Smart (1977) as the method of Lehmann±Filhe Âs. The method involves the derivation of the maximum and minimum velocities and the area subtended by the fit of the radial velocity curve. We summarize the results for the elliptical fits in Table 2 . We found that the elliptical fits to both data sets, shown as a dashed line in Fig. 4 , are statistically better (99 per cent significance) than the circular fits, but the eccentricities that result are quite large particularly in the 1993 data. In their study, Friend et al. (1990a) and Davey & Smith (1992) found the eccentricities to be lower than 0.1 for most of the binaries. We do not know why QQ Vul shows a larger eccentricity, and more during the 1993 than the 1991 observations. Since this is of major relevance to the correction of the observed K 2 , we discuss this point in Section 10.
DOPPLER MAPS
In order to find out exactly where each line originates in the system and to what extent the secondary is illuminated, we carried out a Doppler map analysis on all the lines present in each data set. The technique we used is as employed in Marsh (1988) . Further details on the concept, application and interpretation of Doppler maps can be found in Marsh (1988) and Kaitchuck et al. (1994) . Unlike the usual disc maps, in our case the lines primarily map at the expected position of the secondary star and, in some cases, the stream. Since the velocity of the secondary is known to be less than 500 km s
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, the maps were constructed using a 1000 km s 21 square grid centred at the rest velocity of the system, with pixel sizes appropriate to each data set: 20 and 10 km s 21 per pixel for the 1991 and 1993 spectra, respectively. The positions of the centres of mass of the white dwarf, the system and the red dwarf are indicated with crosses. In addition, we have outlined the shape of the red dwarf. The locations of the centres of mass and the red dwarf shape are based on the final parameters we derived (Table 4) caused by a bad pixel. This data set was taken on a higher resolution setting than the 1991 spectra and had much shorter exposures, and is, as a result, noisier. Nevertheless, the maps clearly show that the emission lines do originate near the L 1 point and the heated areas of the secondary star, and that the shape, intensity and extent of the emission varies a lot between the two q 1999 RAS, MNRAS 310, 123±145 at University of Sussex on June 10, 2014
http://mnras.oxfordjournals.org/ Downloaded from epochs. In particular, the maps of the He ii and C i emission and the Na i lines suggest that the secondary was slightly more irradiated during the 1991 observations than in 1993. Fig. 6 shows the Doppler maps of the other lines detected during the 1991 run. It is immediately obvious that some lines have a distinct stream component, and that in others it is very faint or not there at all. The H i,H eii and O i line Doppler maps all show the stream. In addition, we observe an interesting feature in the velocity map located on the opposite side of the stream, relative to the line of centres, centred at approximately V x 100 km s 21 and V y 250 km s 21 . This feature is particularly prominent in the O i and Paschen 8 emission line on the Doppler maps shown in Fig. 6 , but not in the Paschen lines which are blended with Ca ii. We believe that the Ca ii component from the secondary towers above the H i, making the stream component appear relatively weak. Unfortunately, it is not possible to know the exact location of this material in position coordinates. It appears to lie parallel to the path of one Keplerian orbit of the stream. One could speculate on the possibility that some stream material might be slung by the field (rather than captured) allowing it to go further before being recaptured, but the likelihood of it being able to go round seems remote. We consider it more probable that these velocities correspond to the material in the region where the stream interacts with the magnetic field of the white dwarf or thereabouts.
There are other interesting features in the maps which are worth mentioning. One is that the stream has a`blobby' appearance in the Paschen lines that are not blended with Ca ii and the He ii line in the 1991 spectra. It may well be that this apparent structure is not real. An overfit using memsys can intensify the noise in the data if pushed too far, thus creating false features. However, in our case, the more obvious structures in the Doppler maps are similar in these three lines. The second observation is the asymmetry of the mapped Mg ii emission lines. Although some of the other emission is also asymmetric (e.g., the H i 8598-A Ê line in Fig. 6 ), the largest asymmetries relative to the line of centres are found in the Mg ii maps (Figs 5 and 6). It is quite extreme in the case of the Mg ii 7896-A Ê line. Finally, there is a spread in the emission-line velocities that extends in the region of the L 1 point and near the centre of mass of the system in a number of emission lines.
LINE FLUX PHASE-DEPENDENT VARIATIONS
Line flux variations originating from the secondary star can also be a useful tool for studying the intensity distribution of the line on the stellar surface. The technique applies to both the emission and the absorption lines. It was used successfully in a detached system by Catala Ân et al. (1994) , who mapped the Ha emission line on the secondary. Similarly, obtained encouraging results when he tested it in a number of CVs. The main disadvantage in CVs is that the variations of the line flux with phase may not be totally attributable to the secondary star irrespective of whether the line originates from it. None the less, used in conjunction with the radial velocities, this provides some extra information in the line.
One of the reasons why equivalent widths are not typically used in CVs is the large variability of the continuum flux. Since the line and the continuum sources could be different, we have opted to use the total flux of the line above the continuum, for the emission lines, and below the continuum, in the case of the absorption lines, for our analysis. To get accurate fluxes one would require a comparison star on the slit during the observations. This corrects for small-scale variations in flux due to slit losses and changes in the observing conditions. A comparison star was located in the slit during the 1993 run but not in the earlier set of observations. However, the observing conditions during the 1991 run were found to be very stable as the line variations matched the later data quite well. The relative changes in the line within the same run were consistent between the different nights of the run as well.
The total line fluxes were estimated as follows. A low-order polynomial fit to the continuum was first subtracted from the spectra. Then the total area in the line was estimated either by summing up all the flux within the line region, if the primary component of the line comes from the secondary star, or by using a three-Gaussian fit, if various components are present in the line. In the latter case, only the flux of the Gaussian corresponding to the secondary component was used to create the surface maps. Reliable line flux measurements of the emission lines with prominent stream components were possible only between phases f 0:2 and 0.8. The combined flux deficits of the Na i absorption lines were also derived in a similar fashion, except here the spectrum was subtracted from the continuum fit to keep the numbers positive. Due to the lower S/N of the Na i lines in the 1993 data, it was necessary to bin the spectra in phase to get reasonable measurements. As the surface mapping program requires the same number of radial velocity and line flux points when fitting both sets of information simultaneously,we used the average flux for a given phase bin region to be the flux of all the spectra included in that phase bin. The line fluxes are shown together with the radial velocities and the resulting surface map fits for Na i in the next section.
The emission component from the secondary star was so prominent in the blended Ca ii and Paschen lines in QQ Vul that the phase-dependent line flux variations clearly show the characteristic behaviour seen in the irradiated M dwarfs of detached white dwarf-red dwarf or pre-CV binaries. In Fig. 7 we show the line light curves of the Ca ii 8542 A Ê and Paschen 11 blend as an example. The other emission features from the secondary also exhibit the same behaviour, though not as marked as in the previous case. They are generally much weaker than the Ca ii line, and are more likely to be affected by emission from the stream. However, the general trend is the same. The flux of the line reaches maximum at around phase f 0:45. We have also plotted in Fig. 7 the flux variation in phase of the Mg ii 7877-A Ê and He ii 8236-A Ê lines. The noticeable hump in the light curves between phases f 0:1 and 0.3 is likely to be caused by a faint stream component in the line, which is relatively stronger in the He ii line than in the others. At these phases the emission component from the stream overlaps with the one originating from the secondary making them hard to disentangle with the threeGaussian fit. Note that even the Ca ii/Paschen blend shows this kink. 
SURFACE MAPS OF THE SECONDARY STAR
Heating on one side of the secondary star leads to the deformation of the spectral lines originating from it. Therefore the radial velocities determined from them will appear slightly shifted, as the centre of light may not coincide with the centre of mass of the star at a given phase. In CVs, the effect was first reported by Joy (1954) in his study of AE Aqr. Joy found that the radial velocity curve showed an ellipticity which was not due to a simple elliptical motion of the secondary, and was more likely caused by variations in the centre of light of the lines. More recent studies, this time of IP Peg (Martin et al. 1987) , of Z Cam (Wade & Horne 1988) and in the extensive survey by Friend et al. (1990a,b) , found similar ellipticities in the absorption-line velocities and clear signs of time-dependent changes in the shape of the lines.
If the extent of the reprocessing surface on the secondary star is known, it is possible to correct the radial velocity curve to account for it. Friend et al. (1990a,b) found that an elliptical fit to the radial velocity curve was appropriate for modelling the distortion. They proposed that by measuring the departure of the fit from a circular one, it is possible to correct for the radial velocity semiamplitude obtained. Davey & Smith (1992) took the idea one step further. By assuming that the velocity distortions are wholly due to the uneven heating of the secondary, and that contamination from the disc or any other areas of the binary is unimportant, the departure of the radial velocity curve from a circular one (what Davey & Smith 1992 called`residual velocities') should represent the shift in velocity caused by the irradiated region. By taking a one-spot model to mimic the heated part, and a Roche geometry for the secondary, Davey & Smith (1992) back-projected the residual velocities on to the surface of the secondary to obtain the intensity distribution of the line. The resulting map is subsequently used to obtain a radial velocity curve, which is compared with the observed one. The process is iterated until the difference from the observed values reaches a minimum and the model and observed eccentricities match. The final output of the process is a map of the irradiated secondary and the correction needed to obtain the real semi-amplitude of the secondary star, K 2 , from the observed one.
A different approach is to map the secondary star features directly (Rutten & Dhillon 1994) . It is again assumed that the line being mapped arises solely from the cool star. Thus the changes in the strength and shape of the line profile in one orbit directly relate to the changes in its surface distribution on the star. However, because of the faintness of the secondary star in CVs its spectrum is usually embedded in the noise. As a result, the information on the shape of the line is essentially lost. An alternative is to use only the total line flux to create the map (Catala Ân et al. 1994; . This procedure has the advantage that it offers an extra check for the radial velocities. Its main disadvantage is that changes in the line flux, due to contamination from other areas of the binary, can create an incorrect map of the secondary star.
Both methods had been previously tested separately, and the results were very encouraging. found that the maps resulting from the radial velocity deficits (i.e., the departure from circular fits), and the phase-dependent flux variations were very similar. Here we have decided to use both the radial velocity and flux information simultaneously to carry out the maps. Since the line flux measurements are less accurate, not just in the measurements themselves, but also because other regions of the binary may be affecting the line strengths, we opted to use weights on the radial velocity and flux input files. The weight of the radial velocity file was never lower than 50 per cent. It was larger for low S/N data or where the line fluxes were known to be heavily contaminated by line components originating from other areas of the binary. The values used are listed in Table 3 . The weights, as such, do not have a direct bearing on the final fitting parameters summarized in Table 3 . They primarily affect the combined x 2 quoted. When fitting the data, various weights were q 1999 RAS, MNRAS 310, 123±145 tried to see how much they influenced the final results. We found that significant differences existed only when the line fluxes were given all the weight. Fits solely to the flux data tended to go towards a larger binary inclination, and a more extended distribution of the line on the stellar surface.
Further changes were carried out on the original code used by . Instead of fixing the parameters corresponding to the mass ratio, the inclination, the mass of the secondary star and the initial guess for K 2 prior to the fits, we have modified it so that all these parameters can be freed or fixed at any time. Together with the amplitude (scalefactor), the position and the extent of the spot (cf. , we had a code that could carry out a seven-parameter fit instead of the original three. This has the added advantage that it allowed the program to search for the lowest x 2 by letting it vary the freed parameters itself. In this manner we could test to which parameters the fit was particularly sensitive. This was important as we did not have a complete set of parameters for QQ Vul to begin with. The final set of derived parameters is the result of an iterative process. An initial set of reasonably chosen system parameters was used to find a first estimate of the corrected K 2 . This, in turn, was used to obtain a new set of parameters, which were then fed back to the fitting routine until the best fit was found. A downhill simplex method (AMOEBA; Press et al. 1988) was used to get the lowest x 2 . Table 3 gives the radial velocity results from the surface maps. The mass ratio and the mass of the secondary star used are those that resulted from the final set of system parameters found in the next section. The x 2 quoted are the combined reduced x 2 of the radial velocity and flux data for each fit. Most of the lines gave smallest x 2 for values of the binary inclination between 628 and 688, the difference being fairly small within that range. Thus the inclination was fixed at i 658 in all the models listed. We quote only the model that resulted in the lowest combined x 2 . Also given are the position and equatorial extent of the spot on the surface of the secondary star. The position is defined as the angle measured anticlockwise from the L 1 point to the centre of the heated region, and the extent refers to the equatorial extent of the spot as a fraction of the circumference of the star (f 0 and B, respectively, as defined in equation (2) in . The extent was constrained to lie between 0 and 80 per cent of the stellar circumference. Although we did not consider it likely for more than half of the star to be irradiated, we allowed a larger range to account for any possible redistribution of the effect of irradiation in the stellar atmosphere. In fact, all the lines mapped within 50 per cent of the stellar surface, except the Ca ii/Paschen blended emission which yielded extents larger than 60 per cent. We think that the sum of a symmetric Ca ii distribution covering about 50 per cent of the star with a notably asymmetric Paschen line may be the cause of this. However, an easily ionizable line such as Ca ii may well just be distributed in this manner. The errors associated with the extent are less than 20 per cent, more typically about 5 per cent. The surface maps, together with the resulting model fits to the velocities and the flux values, are shown for the Na i absorption lines in Fig. 8 . We also show the fit and the map for the Ca ii 8542 A Ê /Paschen 11 blend in Fig. 9 .
9T H E v sini OF THE SECONDARY STAR
The Na i absorption lines at l8183 and l8194 A Ê were used to derive the projected rotational velocity, v rot sin i, of the secondary star in QQ Vul. Only the high resolution spectra taken in 1993 were used for this task. Before carrying out any measuerements and in order to increase the S/N of the data, the available spectra were co-added. To avoid smearing of the lines, the shifts due to the orbital modulation of the secondary were removed, prior to the sum, as follows. Having found the spectral type of the secondary to be M4, all the red spectra were cross-correlated with a standard star spectrum of the nearest spectral type (GL 105B). With the derived shifts, the spectra were aligned and co-added. Because of the low S/N, only those that gave reasonable shifts were employed, most of which lay in the orbital phase range f 0:7 2 1:3: These are the same ones that were used for the radial velocity determinations. Although summing over such a large phase interval is not recommended since it has the tendency to artificially broaden the lines, in this case there were no foreseeable gains from reducing the co-added range as this meant worsening the S/N.
Then the continuum of the summed spectrum and the spectral type template was removed. The template was broadened by fixed amounts using the broadening function It is immediately obvious that the results from the surface maps do not yield a single value of the`true' K 2 of the secondary star (Table 3 ). In fact, even for the same line the so-called`corrected' K 2 is different for the two epochs. Of particular interest are the velocities of the Na i doublet near 8190 A Ê because of the lines' pivotal role in parameter determination. In a previous study of QQ Vul by , corresponding to the first detection of the Na i lines in this object, they found that the radial velocity semi-amplitude of the secondary star is 209^28 km s 21 . Our measurements yield semi-amplitudes of 271^3kms
(1991) and 228^2kms
21 from the circular fits, with corresponding corrected velocities of 233^5 and 214^9kms 21 , respectively. What is the true K 2 of the secondary star in QQ Vul?
The real question here is how one should interpret the values of eccentricity obtained from the elliptical fits. As mentioned earlier, a star in a circular orbit around the centre of mass of the system, is q 1999 RAS, MNRAS 310, 123±145 at University of Sussex on June 10, 2014 http://mnras.oxfordjournals.org/ Downloaded from expected to exhibit a slightly elliptical radial velocity variation if the distribution of the line over the stellar surface is limited to a region of the star. It follows that if Na i on a late-type secondary star is somehow depleted in the hemisphere facing the white dwarf, perhaps due to irradiation, then not only will the resulting K 2 be larger, but also the line velocities will show a significant eccentricity. This is what Martin (1988) found in her study of IP Peg. By modelling a symmetrically heated (relative to L 1 ) Rocheshaped star and assuming that the eccentricity is entirely due to high levels of irradiation, Martin found that the correction to the observed K 2 , using the Na i doublet in the far-red, can be as much as 20 per cent (see fig. 2 in Davey & Smith 1992 ). In this model the correction necessary to obtain the true value of K 2 is essentially directly proportional to the amount of eccentricity detected. However, if we apply this idea to our derived eccentricities, we obtain an incorrect result. If the above were true, one would expect to find a higher eccentricity for the larger observed K 2 , i.e., in the 1991 data set. What we observe is just the contrary. The 1993 data, where the secondary appears less irradiated and the observed K 2 is smaller, actually gives the larger eccentricity. Thus the eccentricity, on its own, is not a good measure of the degree of depletion of the Na i in the illuminated face of the red dwarf, and does not necessarily reflect the amount of correction needed to find the true K 2 from the observed one. 
Downloaded from
In his study of the Na i surface distribution in CV secondaries, found that the effect of an asymmetric irradiation distribution could lead to quite a high eccentricity in the radial velocity curve, but not necessarily imply a large correction to the observed K 2 . To see whether this applies to QQ Vul, we have plotted in Fig. 11 Davey's results against eccentricity for the five objects included in his analysis and the ones we obtained from QQ Vul. We find that, although an asymmetric heating distribution may play a part, it is not entirely successful in explaining our results for QQ Vul. For the 1991 spectra, where the secondary is almost certainly very irradiated, the predicted correction to K 2 follows the trend shown by the other objects. However, the corresponding DK 2 is too small. The corrected K 2 for 1991 barely matches the observed K 2 in 1993 (prior to any corrections). Since the maps resulting from the 1993 spectra indicate that some heating was also present then, the observed K 2 for 1993 would also require a correction, widening the gap between the final K 2 values even further, contrary to what one would expect. Furthermore, the extremely large eccentricity resulting from the 1993 data does not even fall in the general increasing trend (against eccentricity) shown by all the other points in Fig. 11 . Therefore the proposed direct relationship between the amount of eccentricity and irradiation (Martin 1988) , even if one takes into account the possibility of an asymmetric surface distribution of the line (Davey & Smith 1992) , is at best only true for intermediate values of eccentricity e # 0:1.
We considered whether the eccentricities may be attributed to effects external to the red dwarf. For example, large observational errors may be partially to blame. Lucy & Sweeney (1971) found that observational errors alone can mount up false eccentricities of up to 0.03. Another possible (and related) cause is contamination of the Na i lines by the nearby He ii and Paschen jump from the stream. To investigate this avenue,we have modelled what effect a broad stream component from the He ii 8236-A Ê line and the Paschen jump could do to the Na i velocities. We found that this can result in eccentricities of up to 0.03, but not more. Thus, at most, we can account for e < 0:06. The errors in the 1993 data set are, on the whole, larger than in the 1991 data as a result of the higher resolution and shorter exposures. If heating was also much less, as indicated by the maps, then the contribution of the stream component to the lines would be more dominant. Therefore contamination of our derived velocities by the stream component is more likely. If we assume that both effects were present in the 1993 spectra, then the eccentricity would be reduced to about the same level as in 1991: e < 0:1. This is still higher than is expected from the model fits, since the degree of heating was less in 1993 than in 1991.
This and the fact that both the velocity and flux surface mapping give poor fits seem to suggest that what we are seeing may truly be caused by a more complex distribution of the Na i lines on the secondary star surface, the models being too simple to be able to account for them. There must be other causes for the extra eccentricity (or the radial velocity curve's deviation from circular) in addition to any existing irradiation and its asymmetric distribution on the stellar surface, which is present even when the red dwarf is weakly illuminated.
A non-homogeneous distribution of Na i on the stellar surface could create false eccentricities independent of any irradiation or heating mechanism on the star. The QQ Vul Doppler maps corresponding to the Na i line in 1993 show marginal signs of a non-uniform distribution. The high rotation rate of the red dwarf in QQ Vul and the fact that it is already somewhat embedded in the strong field of the white dwarf almost certainly suggest the presence of a strong field on the secondary. Given our current understanding of magnetic activity, starspots and their relationship to convection and rotation, it is very likely that starspots are present on the surface of the red dwarf. The cool component in RS CVn stars, which are similar in spectral type to the red dwarf in QQ Vul and are rapidly rotating, have long been known to harbour starspots (Baliunas & Vaughan 1985) . These spots produce q 1999 RAS, MNRAS 310, 123±145 Figure 11 . Plot of DK/K 2 , position and extent of the spot against the eccentricity of the radial velocity curve based on the results from . DK/K 2 is the relative amount by which the measured semi-amplitude has increased due to off-centred irradiation. The points are labelled with their corresponding objects. Also shown are the results for QQ Vul from this study.
at University of Sussex on June 10, 2014 http://mnras.oxfordjournals.org/ Downloaded from distortions in the stellar profiles that would result in radial velocity variations (Hatzes 1999) . Changes in the the local magnetic configuration of the white dwarf in QQ Vul, or perhaps magnetic activity cycles on the secondary, could create time-dependent starspot distributions (from epoch to epoch) which would have a direct effect on the observed eccentricities.
The above, coupled with the presence of some irradiation, noisy data and contamination from the stream, could end up giving large eccentricities, but not necessarily a large correction to the derived value of K 2 . Therefore the original suggestion by Martin (1988) that the amount of eccentricity essentially represents the degree of heating is not generally true. This also implies that the true uncertainties in the results from the surface maps are very likely to be much larger (50 per cent or more) than the originally quoted values. The only way to obtain an accurate measurement of the true K 2 is by having a large enough data set, taken at separate intervals over a long time baseline. This way any temporal changes of the line distribution are taken into account. However, it still stands that if irradiation is prevalent on the star, then the derived velocities have to be corrected for this effect. So far, the best way of doing this is by using a surface map model and preferentially one with a photospheric line from the secondary star.
From the , 1993 circular radial velocity fits, and taking into account the errors on each measurement, K 2 must satisfy 208 # K 2 =km s 21 # 264. There is no doubt that the secondary star was significantly irradiated in 1991. If as much as half of the star was depleted of Na i, then, based on the expression derived by Wade & Horne (1988) for the maximum`K-correction', the observed K 2 could be as much as 49 km s 21 larger than the true value. In other words, for the 1991 data alone, the lowest possible semi-amplitude for the secondary is K 2 222 km s 21 . From the surface maps we find that for the same data K 2 233^5kms
21 for an extent of 43 per cent of the irradiated surface. Since it is possible that up to half of the star was irradiated, we will adopt more conservative errors. Thus K 2 233^14 km s 21 in 1991. In 1993 the extent of the Na i depletion is much smaller, being absent only in the region near L 1 . From the surface map fits we derive K 2 214^9kms 21 for irradiation affecting 32 per cent of the stellar surface. Based on nine points, find an even smaller K 2 , suggesting that the amount of heating was even less or none at all when their observations were taken in 1985. On the face of it, if irradiation is the sole cause of the larger K 2 , then the value found by Mukai & Charles must be the nearest to the true K 2 . If, however, other effects have some bearing on the line distribution even when the secondary is not irradiated (such as surface element abundance anomalies or starspots), then it would be wrong to discriminate between any of the results so far. Thus we have opted to take the weighted mean (weighted according to the errors) of our corrected values and that found by Mukai & Charles. We find that the most likely semi-amplitude of the radial velocity of the secondary star is K 2 219^6kms 21 .
K 2 from the emission lines
Since the secondary stars are usually difficult to detect in shortperiod binaries such as AM Her stars, it is common practice to employ the narrow-emission-line radial velocities, believed to originate from the heated regions of the red dwarf, to derive the true K 2 and subsequently estimate the rest of the binary parameters. It is usually assumed that the emission arises on the surface of the red dwarf. Thus the observed K 2 is smaller than the true K 2 by an amount which depends primarily on the distribution of the line and has to be corrected. For fixed parameters of the irradiation model, a relationship between q and K obs /K 2 can be found (Beuermann & Thomas 1990) , making it possible to derive the range of q and i (Paper II). The semi-amplitude of the radial velocities of the emission lines from the irradiated hemisphere of the red dwarf in QQ Vul varies between 53 and 150 km s 21 in the 1991 and 1993 data sets. The emission lines that showed surface coverages larger than about 40 per cent of the star had semi-amplitudes K 2 . 100 km s 21 , while those which were primarily concentrated near the L 1 point had velocities of less than 100 km s 21 . Assuming that the narrow emission lines are located on the secondary star chromosphere, the surface maps should, in principle, produce the corrected values for the observed K 2 as dictated by the radial velocity and flux variations in phase. The resulting K 2 ought to match the corrected value calculated from the non-irradiated hemisphere within the errors imposed by the quality of the data set. With this in mind and as a check, we calculated the emission-line surface maps.
Our results are summarized in Table 3 . As can be seen, at best even the largest of the corrected values are smaller by about 50 km s 21 than our average K 2 (from the Na i). In the case of the He ii lines, the corrected K 2 is smaller by more than 150 km s 21 .It is not clear why such large discrepancies exist in the derived velocities between the absorption and emission lines. Contamination from the stream component could be partially to blame (cf. Martin et al. 1989 ), although it is usually quite distinct and a lot of care has been taken to minimize its effect. Another possibility is that the lines are reprocessed in some kind of cloud located near the L 1 point, or more likely on the upper layers of the red dwarf chromosphere (which is not included in the surface mapping model). The Doppler map of the C i in the 1993 data does show that the peak of the emission occurs somewhere between the L 1 point and the binary centre of mass, with very little flux actually overlapping with the limits of the secondary star in velocity space. The emission from He ii and Mg ii also extend far beyond the limits of the secondary surface. The problem with this suggestion is that the differences in velocity are a significant fraction of the stellar radius, implying a location in the stellar corona rather than the chromosphere. One could speculate that if the secondary in QQ Vul turns out to show magnetically related phenomena, then prominence-like structures may exist in the region of the L 1 point which could be irradiated by the high X-ray emission and hence emit. After all, the conditions in very irradiated red dwarfs in magnetic CVs are rather unusual in comparison to single active M-dwarf stars. However, with no detailed models there is no way of knowing.
There are also large ranges in the velocities derived from the various emission lines. While the Mg ii and the Ca ii/Paschen blends give similar velocities, they differ by nearly 70 km s 21 from the He ii line. It is possible that the differences in the velocities between the lines may relate to different layers of the red dwarf's chromosphere, with helium and carbon being ionized much higher up (nearer to the irradiating source), and Ca ii and H i being reprocessed much nearer the stellar surface. Thus the deeper the lines are in the chromosphere the better will the estimate of K 2 be. However, regardless of whether the above suggestion is correct or not, the large range of K 2 values found indicates that care has to be taken when interpreting the stellar dimensions derived from the velocities of the emission lines from the secondary star.
The systemic velocity of the spectral lines in QQ Vul
Quite a number of lines both emission and absorption originating from the secondary star indicate that the systemic velocity of QQ Vul is consistent with being zero (Tables 1 and 2 ). Perhaps the best indicators of this are the Na i lines, which are photospheric lines. The He ii,C aii and C i lines also give tiny deviations of g from zero. We suspect that these deviations from zero are a result of a slightly non-random scatter in the points, possibly caused by contamination from other regions of the binary. For example, the Ca ii triplet are blended with the nearby Paschen emission lines which not only have a strong stream component but also exhibit an asymmetric distribution on the red dwarf. Therefore previous estimates yielding large systemic velocities, as high as 500 km s 21 (Nousek et al. 1984; Osborne et al. 1987) in some cases, are likely to be the result of lower resolution spectra and the fact that the velocities were obtained from fitting the three-component emission lines as a single Gaussian. Any changes in the stream configuration may lead to changes in our viewing angle of the stream. It is not unlikely that at any given time we may be detecting the stream infall velocities more than at others, and thus getting much larger g velocities.
However, the Mg ii and the Paschen emission lines do show g velocities which are significantly different from zero. These velocities average out to 228^8kms 21 in the 1991 data. Although it is not possible to ascertain whether the 1993 data also showed this trend because of the narrower spectral range covered, the g velocity for the Mg ii 4481-A Ê line is consistent with the negative values derived in 1991. These are also much the same as the ones found by Mukai et al. (1986) .
Asymmetric heating on the secondary star
One of the prime reasons for observing QQ Vul was to see whether the Na i lines have an asymmetric heating distribution, similar to that found in AM Her (Southwell et al. 1995; , with the irradiation spot located in the trailing edge of the star. Davey & Smith (1992) found that all the discal CVs included in their study showed a preferred asymmetry towards the leading edge. Although at the time of our observations there were no other magnetic systems known to have an asymmetric heating distribution on the secondary, a Doppler map analysis of the emission lines in HU Aqr carried out at a later date by Schwope, Mantel & Horne (1997) showed that it too was asymmetrically heated in the same way as AM Her. Thus there was a strong possibility that the red dwarf in QQ Vul, and maybe even in all polars, exhibited this kind of heating distribution.
Our results from both the Doppler and surface maps of QQ Vul show that the distribution of the Na i line is asymmetric, and that the irradiated region is preferentially distributed towards the following edge of the red dwarf. In addition, we find that the asymmetries were more pronounced in 1993 when the secondary appeared to be less irradiated. However, we also find that within the same epoch the degree of the asymmetry is somewhat linedependent. While the H i,N ai and Mg ii lines exhibit a marked asymmetric distribution in both the Doppler and the surface maps, the far-red He ii and C i emission lines do not. In fact, their distribution is consistent with being symmetric relative to the L 1 point for the 1991 data set. The asymmetry in the Ca ii triplet in the 1991 spectra is more uncertain. Although the Doppler maps show a fairly symmetric distribution of the lines in velocity space, the best surface map models yield significant asymmetries. The irradiation spot is preferentially located between 148 and 298 from the line of centres. It is possible that the asymmetry detected in the Ca ii is caused by the underlying Paschen lines. However, because the lines are blended, we cannot rule out that what we detect is intrinsic to the Ca ii triplet. What we do find from the surface maps is that the velocities are not well modelled between phases f 0:7 and 0.9 in all the Paschen lines, particularly those blended with Ca ii, i.e., at the same phases where the Na i fits also fail. This suggests that whatever it is that might be contaminating the Ca ii lines in that phase region might also be affecting the Na i absorption lines.
How such large asymmetries come about is not well understood. Martin & Davey (1995) found that the combined effect of heating and Coriolis forces can induce atmospheric motions on a thin surface layer of a rapidly rotating star. This can cause the heating to be preferentially distributed towards the leading side of the red dwarf. Thus the asymmetry seen in the irradiated secondaries of CVs with a disc could be associated with the presence of such atmospheric motions. However, it is not immediately evident why the same process is not manifested in the secondary stars of the polars studied to date. One suggestion is that, as the heating source in AM Hers is located on the white dwarf surface, asymmetric heating is possible if absorbing matter is between the irradiating source and the secondary star. The idea is that the accretion curtain, associated with the magnetic structure of the white dwarf, partially shields the red dwarf from the X-ray flux (Southwell et al. 1995; Schwope et al. 1997) . If this is the correct scenario, then the differences in the heating distribution between the two epochs may be attributed to a change in the mass transfer rate, on to a shift in the position of the X-ray-emitting pole relative to the line of centres, or to variations on the red dwarf atmosphere intrinsic to the star. In the case of the first suggestion, at times of high mass transfer rate more UV flux will be available to go through the accretion stream and reach the red dwarf, creating a less asymmetric heating pattern. This would explain why there are larger asymmetries when the secondary appears less irradiated, at least in the case of QQ Vul. The second possibility is that a change in the position of the accreting pole will lead to a change in the position of the accretion curtain, associated with the magnetic field, relative to the red dwarf, thus exposing it more (or less) to the X-ray emission from the white dwarf. Finally, it is also possible that the changes in emission and absorption line distribution are entirely intrinsic to the red dwarf if it turned out to be very magnetically active. Hence the changes seen may be due to magnetically induced atmospheric variations leading, for example, to the presence of large starspot regions on the star. With our data set and from our results it is not possible to tell which of these ideas may apply. However, if the asymmetries turn out to be caused by the system geometry, then the maps could prove to be a good way of probing the magnetic configuration and temperature of the white dwarf and accretion column.
Revised binary parameters for QQ Vul
With our derived values of the projected rotational velocity of the secondary star, v rot sin i, and the K 2 velocity from the Na i doublet we find that where f(q) is the expression from Eggleton (1983) . Therefore the mass ratio of QQ Vul is q 0:54^0:14. Using the empirical mass±radius relationship found by Caillault & Patterson (1990) , the rotational velocity of the absorption lines is given by v rot 119:4 P 0:1469 f 3 q 10:574 6 for secondary star masses less than about 0.5 M ( , where P is in seconds and v rot in km s
21
. Together with our derived v rot sin i,we estimate a binary inclination of i 59 17 212 8. The large errors result from the large uncertainties in q. This range for i is essentially the same one found by Nousek et al. (1984) . However, it is possible to narrow down this range further. Based on the surface maps, the best fits were obtained for a binary inclination of i 658^78, with lowest x 2 found for values of i between 628 and 688, in all the lines studied (both emission and absorption) originating on the red dwarf. This value is in good agreement with the above estimate and previous estimates made by Nousek et al. (1984) and from spectroscopy, but it is larger that the one deduced by Cropper (1998) from polarimetry.
The mass of the primary star can be found from
For i in the range 588±728, we derive a primary star mass of M 1 0:54 0:21 20:16 M ( . This is half the mass estimated by Cropper, Ramsay & Wu (1998) from Ginga data using a modified warm absorber and the multitemperature bremsstrahlung model. Using our derived q, we obtain a mass for the secondary star of M 2 0:30^0:10 M ( . Our calculated M 2 is smaller by about 11 per cent than the secondary star mass resulting from the mass± period relationship derived from Caillaut & Patterson (1990) (although it is within the errors of their empirical fit), but at the higher end of the mass range allowed by its spectral type (Kirkpatrick & McCarthy 1994) . Using the mass±radius relationship in Caillault & Patterson (1990) , we obtain a radius for the secondary of R 2 0:35^0:10 R ( . Based on all the above parameters, we calculate a binary separation of a 1:140 :12 R ( and a likely radial velocity semi-amplitude of the white dwarf primary of about 120 km s
. The derived binary parameters are listed in Table 4 .
We are fairly confident that our inferred i from the surface maps is reliable for a number of reasons, other than the fact that all the surface fits favour it. First of all, the H i,Mgii and Ca ii emission lines originating from the heated face of the secondary and stream have zero flux near binary phase f 0, which indicates that i . 508 as already suggested by . More importantly, not only do we see a sharp decrease in continuum flux at phase zero at practically all wavelengths at which QQ Vul has been observed in the past (Nousek et al. 1984; Mukai et al. 1986; Osborne et al. 1986; Mukai et al. 1986; Cropper 1998) , but also most of the emission lines are almost totally eclipsed at this phase (Paper II), indicating that the primary source of both the continuum and line fluxes are occulted when the secondary is in our line of sight. The same behaviour of the continuum and lines was already noted by Nousek et al. (1984) and Mukai et al. (1986) . In fact, the idea that i must be at the higher end of the possible range was already suggested by Nousek et al. based on the cyclotron glitch they detected near inferior conjunction of the red dwarf.
Because the shape and exact position of the continuum and flux dip vary in time, and since the lines are not always totally eclipsed, we do not think that the white dwarf is eclipsed in QQ Vul. This provides us with an upper limit for i, which we estimate to be about i 728 for q 0:54. A large fraction of the outer edges of the dip must be due to a self-occultation of the accretion stream. The position corresponding to minimum flux does not vary more than 0.05 of a binary phase relative to phase zero. Since there is evidence that the emission lines in QQ Vul do not always show the same behaviour [e.g., the He ii emission line had almost constant flux in 1984 (Mukai et al. 1986 )], we tentatively suggest that the changes can be attributed to small variations in the magnetic configuration of the white dwarf, leading to shifts in the position of the stream and accretion column relative to the line of centres as suggested in Catala Ân et al. (1994) .
CONCLUSIONS
Using high-and medium-resolution spectroscopy taken in 1991 and 1993, we have carried out an exhaustive analysis of the far-red spectra of the magnetic CV QQ Vul. In addition to the Na i absorption doublet at 8190 A Ê , we have identified the presence in emission of Mg ii at 4481, 7877 and 7896 A Ê ,Heii at 8236 A Ê ,Ci at 8335 A Ê , and re-confirm the presence of the Paschen and Ca ii triplet emission lines detected by . As previously suspected by McCarthy et al. (1986) and , we found that most of the emission lines seen in the far-red have a prominent narrow component which follows the movement of the secondary star.
Equipped with low-resolution spectra covering the TiO bands in the red, we have classified the secondary star to be M4V to better than a spectral type. The velocities and fluxes of all the lines known or suspected to originate from the donor star were measured. The radial velocities of the Na i doublet in the 1991 and 1993 data sets were calculated using a cross-correlation with a template spectrum. For the 1991 data the template employed was a synthetic spectrum, while for the 1993 data an M4.5V spectral type standard star spectrum was used. Double-Gaussian absorption profiles were employed to obtain the Na i line fluxes. SingleGaussian fits to the narrow-emission-line component of all the lines present in the spectrum were used to derive the emission-line velocities and fluxes. The results of the circular fits to the radial velocity curves are summarized in Table 1 .
To study the location of the emission and absorption lines, we employed both Doppler (Marsh & Horne 1988) and surface mapping (Davey & Smith 1992) techniques. The maps confirm that the emission arises on the side of the red dwarf directly facing the white dwarf. We interpret this as due to light from the white q 1999 RAS, MNRAS 310, 123±145 Projected rotational velocity of the secondary v rot sin i 110^15 km s dwarf and accretion column reprocessed by the secondary star. We also found that some of the emission lines ± the ones with higher ionization potentials ± are primarily located in a small area above the L 1 point. Because of the rather small velocities found in some of these lines, we tentatively suggest that the ionized gas might be located at high levels of the red dwarf chromosphere, around L 1 .It is possible that the differences in the velocities correspond to different depths in the stellar atmosphere with the lower ionization potential lines such as H i,Mgii and Ca ii still being easily ionized at larger depths. This, combined with contamination of the line velocities and flux by the stream component, would explain why the surface maps fail to correct the observed emission-line velocities to match the ones from the Na i photospheric lines. If the emission lines do form in an extended chromosphere of the red dwarf, then care should be taken when interpreting the mass determinations resulting from their K velocities. The extent of the emission and absorption on the secondary were found to be different in the two data sets suggesting that the degree of heating is variable. As the source of the EUV light must be the accretion regions near or on the white dwarf, we suggest that the variations seen on the secondary reflect the changes in the accretion on to the white dwarf. Such a dependence has been found by Somers & Naylor (1999) to exist in an old nova.
An asymmetric distribution of the Na i lines, similar to the one found in AM Her and the emission lines in HU Aqr, was found in QQ Vul. The region of Na i depletion was preferentially distributed towards the trailing edge of the red dwarf. The same configuration was found for the Mg ii and H i emission lines in both data sets. However, the degree of the asymmetry was different in the two data sets, with the larger asymmetries seen in 1993 when heating from the white dwarf appeared to be less. In contrast, it appears likely that the Ca ii triplet are symmetrically distributed relative to the line of centres; the asymmetry in the surface map possibly caused by the contaminating Paschen line. We conclude that asymmetries are not only line-dependent but also change in time.
The surface maps of the Na i line have been used to find the extent of the line and the necessary correction to the observed value of K 2 . We have found that the models did not give totally satisfactory fits to the velocities and line fluxes between orbital phases f 0:6 and 0.8. We propose that these discrepancies and the large eccentricities may be caused by the presence of starspots. We conclude that the direct relationship suggested by Martin et al. (1989) between the amount of the eccentricity found in the fit of the radial velocity curve and the degree of correction necessary is generally not true. This relationship fails even when taking into account the presence of asymmetries in the line distribution. Therefore the corrections resulting from the surface maps are not as accurate as initially thought . We have estimated the K velocity of the secondary from an average of the corrected values for our two epochs and using the result from . We find that K 2 219^6kms
21 . The co-added spectrum of the high-resolution data was used to derive the projected rotation velocity of the red dwarf. Our fit to the Na i lines shows that v rot sin i 110^15 km s 21 . Together with the corrected K 2 velocity of the Na i lines, we derive a mass ratio of q 0:54^0:14. Based on the best fits obtained from the surface maps, the narrow-emission-line flux variations from the heated face of the secondary, the continuum changes and flux variations of all the prominent lines in the blue spectra, we estimate that the inclination of QQ Vul is 658^78. From this we were able to determine estimates of the masses and other binary parameters. These are collated in Table 4 . We stress that these results assume that it is valid simply to average the corrected values of K 2 ; since we do not understand why the corrected values are so different, this procedure may not be valid, and the results should be used with caution.
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